Abstract: There is a need for simple and inexpensive methods to quantify potentially harmful persistent pesticides often found in our water-ways and water distribution systems. This paper presents a simple, relatively inexpensive method for the detection of a group of commonly used pesticides (atrazine, simazine and hexazinone) in natural waters using large volume direct injection high performance liquid chromatography (HPLC) utilizing a monolithic column and a single wavelength Beale, D, Kaserzon, S, Porter, N, Roddick, F and Carpenter, P 2010, 'Detection of s-Triazine pesticides in natural waters by modified large-volume direct injection HPLC ', Talanta, vol. 82, no. 2, 
Introduction
It is common practice for water utilities to apply a risk approach to pesticide residue monitoring in drinking water catchments, where pesticides are identified and the risk of contamination is calculated (i.e., solubility and mobility of pesticide being applied in conjunction with the proximity and rate of application) [1] . This information is used to inform the water utility's monitoring programme. Current Australian drinking water guidelines do not enforce a sampling program frequency (although it is recommended to sample for pesticide residues monthly), nor do they specify which pesticides are to be monitored, as no single method of analysis is suitable for all the organic compounds that may be present in water. Each compound, or perhaps group of compounds, has specific analytical requirements, so monitoring for all of them would be extremely costly, time consuming, and probably unjustified [2] . To highlight the deficiencies in current monitoring programs, Benotti et al. investigated pharmaceutical and endocrine disrupting compounds (including atrazine) in drinking water from the USA [3] . Their study concluded that the level of tertiary treatment currently applied by 19 water utilities resulted in atrazine and other potentially harmful chemicals passing through to finished drinking water, and in some instances 
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Pesticides are an integral part of modern agriculture. It is estimated that at the beginning of the 21 st century pesticide use worldwide exceeded US$8 billion per annum, while herbicides accounted for 37% of total use [1, 2] . Two classes of herbicides that have received a great deal of attention in recent times are the quaternary ammonium heterocyclic striazines and the triazinone based pesticides. Triazine and triazinone herbicides represent widely used selective pesticides characterized by three heterocyclic nitrogen atoms in ring structures. They are generally used to control broadleaf and grassy weeds in agricultural areas, plantations, and in public and industrial landscapes [3] . The most commonly used striazines are atrazine, simazine, cyanazine, prometon and propazine; metribuzin and hexazinone are commonly used triazinone pesticides. ¶ These pesticides are relatively stable in water, extremely persistent and have been detected in ground and surface waters in Australia, the UK and the US with residual levels exceeding the World Health Organization guidelines [4] [5] [6] [7] . ¶ Continued application of these herbicides within Australia has prompted community concern as expressed in national newspaper reports by Dayton and Denholm [8] who reported an increase in observed health effects arising from pesticide over-spraying in surrounding communities in Tasmania, Australia. Denholm [9] , noted simazine in Australian swimming pools at levels above the Australian allowable daily intake limit of 20 µg L -1 [10] . Similarly, Cornish [11] reported runoff of an estimated 1.5 tonnes of atrazine from farmland into surrounding oceans near the Great Barrier Reef by floodwaters (after Lewis et al. [12] ). ¶ It is common practice for water utilities to apply a risk approach to pesticide residue monitoring in drinking water catchments, where pesticides are identified and the risk of contamination is calculated (i.e., solubility and mobility of pesticide being applied in ... [1] at concentrations as high as 0.9 µg L -1 (note current US EPA drinking water guidelines for atrazine are set at 3 µg L -1 [4] ). Of greater concern was the presence of atrazine in waters in areas where this compound was not believed to be in use [3] .
While current standard methods recommended for the determination of pesticide residues are satisfactory with respect to detection limits and analytical performance, they are often criticized for the time and costs involved. The development of new cost effective and rapid methodologies is becoming increasingly desirable because they enable water utilities to increase the frequency of sampling and broaden the range of pesticides analysed, giving them a better picture of the state of contamination in their system. As such, many researchers are looking for new techniques that address this time and cost problem, and to achieve this, some are considering enhancement and further development of liquid chromatographic techniques, in particular HPLC, UPLC and LC as shown in Table 1 . Monolithic columns are prepared by in-situ polymerization of monomers in a column, providing greater flexibility than densely packed columns, and a wider range of monomers can be used with integrated structures that can increase the overall porosity. The higher porosity leads to an increase in permeability which consequently results in a decrease in the required operational pressure. Coupled with the presence of small-sized mono structure skeleton, higher efficiencies can be expected. Up to now, monolithic columns have been used mainly for the determination of biological amino acids and drug residues [14] , although there have been some instances of monolithic chromatography for pesticide analysis (see Table 2 ); However, its application to natural waters without pre treatment is limited [15] . While monolithic columns have been used previously for the determination of pesticides; the application has involved specialised expensive equipment (e.g. HPLC-MS/MS) or has been applied to sample matrices comprising concentrated formulations [16, 17] . Similarly, more conventional methods (utilising packed columns) have relied on specific extraction techniques, increased operating pressures and sophisticated detectors to remove interferences, concentrate target analytes and decrease detection limits. The purpose of this research is to devise a simple, affordable, robust HPLC method utilising a monolithic column and UV-vis detection for the determination of pesticides in natural waters without any pre-treatment (e.g. sample extraction). As such, this paper describes the development of a rapid, cost effective, large volume direct injection HPLC method utilizing a monolithic column with UV detection for the combined determination of atrazine, simazine and hexazinone in natural waters. The development of the proposed method is described and compared to a conventional packed column. The method is applied to natural water samples and cross validated against a commercially operated, NATA ... [5] ... [7] ... [24] ... [2] ... [25] ... [3] ... [26] ... [4] ... [27] ... [8] ... [28] ... [9] ... [29] ... [10] ... [30] ... [11] ... [31] ... [12] ... [32] ... [13] ... [33] ... [14] ... [34] ... [15] ... [35] ... [16] ... [36] ... [17] ... [37] ... [18] ... [38] ... [19] ... [39] ... [20] ... [40] ... [21] ... [41] ... [22] ... [42] ... [23] accredited, MS method (conducted by SGS Consulting, Australia). An investigation into possible interferences is also presented.
Materials and methods

Solution preparation
A stock solution of atrazine (9.8 g L −1
; Supelco, Germany. Neat analytical standard (NAS)), was prepared in 10 mL acetonitrile and sonicated for an hour. Supelco, USA. NAS) were also prepared. Working standard solutions of atrazine, simazine and hexazinone were prepared daily in MilliQ water. Stock solutions were stored at 4
• C in the dark when not in use.
Dissolved organic carbon (DOC)
After filtration using 0.45 µm hydrophilic membrane (Durapore PVDF) dissolved organic carbon (DOC) in water samples was determined in triplicate using a Sievers 820 TOC analyser.
Direct injection HPLC
HPLC with direct injection was carried out with a Waters HPLC pump (M-6000A, Waters Associates Inc., USA.) operated isocratically. 500 µL Aqueous samples were injected via a Waters HPLC injection valve fitted with a 500 µL loop using a 2 mL glass barrel syringe. The injected sample was passed through a monolithic column RP-18e, 50-4.6 mm (by Chromolith, Merck); for comparison a secondary column was used, a C8, 5 µm, 250 mm x 4.6 mm (model 831815 Spherisorb, Phase Separations, USA) packed column that was substituted with the monolith column. The HPLC system was connected to a UV-vis detector (SPD-10AV, Shimadzu, Japan) set at 230 nm, coupled to a chart recorder (Model 3395, Hewlett Packard, USA) and a personal computer operating ChemStation (Agilent, USA). Where noted, chromatograms were digitised from paper chromatograms and reproduced using GraphClick software (Mac OS X, Arizona Software, Switzerland).
Solid phase extraction (SPE)
SPE cartridges (0.5 mg Bond Elute C18) were pre-conditioned with 5 mL methanol 
LC-MS
LC -MS/MS analysis was carried out at SGS Australia Pty Ltd. Instrumentation comprised an LC (Agilent 1200 Series) with a Waters Atlantis T3 column and a MS/MS system (Applied Biosystems API 3200). A mixed 100 µL sample volume was injected into the LC using an auto-sampler. Samples were analysed without preconcentration using a buffered mobile phase 
Statistical methodology
The analytical performance was assessed by determining the limit of detection (LOD), limit of quantification (LOQ) and practical method detection limit (MDL), where LOD was calculated using a signal to noise ratio (S/N) of 3, LOQ was calculated using S/N of 10, and the MDL was calculated using the lowest standard (n=8), where the SD was calculated and multiplied by the student t-value at a 95% confidence level [19] .
Results and Discussion
Mobile phase optimisation
A mobile phase method development triangle was created according to Harris [19] .
Method development triangles are a systematic process applied in HPLC to develop a mobile phase suitable for the separation of the target analytes using a combination of 
Effect of mobile phase flow rate
The effect of the mobile phase flow rate on the direct injection HPLC analysis of atrazine, hexazinone and simazine was investigated over 0.25 -3.00 mL min -1 in 0.25 mL min -1 increments. However, the mobile phase flow rate when using the monolithic column did not significantly influence the instrument operating pressure or the quality of the chromatography (i.e., peak width and resolution). Consequently, a flow rate of 2.0 mL min -1 was selected for all subsequent experiments because it was the flow rate which achieved the best baseline separation between all analytes selected and was the fastest flow rate that could be used with the packed C8 column enabling a comparison between the two columns under the same conditions to be made.
Effect of injection volume
The effect of the sample injection volume on the direct injection HPLC analysis of atrazine, hexazinone and simazine was investigated over 100 -1000 µL. It was found that the analyte peak area steadily increased as the volume increased from 100 µL to 1000 µL; however, the best peak shape was achieved using 500 µL. Injection volumes larger than 500 µL distorted the symmetry of the peak, causing peaks to become broader. All subsequent analysis was performed using a filled 500 µL sample injection loop.
Effect of detector wavelength
A number of researchers have investigated atrazine, hexazinone or simazine at wavelengths between 220 and 223 nm for atrazine and simazine, as well as hexazinone at 244 nm [21, 22] . However, when applying these wavelengths for the simultaneous determination of atrazine, hexazinone and simazine (e.g., either 220-3 nm or 244 nm) there is a decrease in analyte sensitivity for either atrazine and simazine or hexazinone (depending on the wavelength selected) unless a diode-array detector (DAD) is employed. In the absence of a DAD, the analysis has to be performed utilizing a common wavelength. As illustrated in Figure 1 , the UV spectra of atrazine and simazine intersect with the spectra of hexazinone at ca. 230 nm. .
Limit of detection
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The use of 230 nm reduced the sensitivity by 35% for atrazine compared to the wavelength for its maximum sensitivity (λ max ), 33% for hexazinone and 34% for simazine. Nevertheless the reduction in sensitivity had a minimal effect on the detection limits. Hence, it is possible to analyse a range of triazines using a constant wavelength with a simple mono wavelength UV detector while still achieving good analytical sensitivity for all three target analytes.
The analytical performances between the packed and monolithic columns are 
Application to natural samples
To test the effect of dissolved organic matter (as DOC) on the analytical performance of the described direct injection HPLC method, a series of natural water samples with various DOC concentrations were collected throughout Victoria, Australia (see Table   4 ). Samples were collected using a 1 L grab glass bottles (pre-cleaned with Pyroneg, Johnson Diversey Australia, and triple rinsed with MilliQ water). All samples were stored at 4°C and allowed to equilibrate at room temperature (ca. 22°C) prior to analysis. The natural waters spiked with increasing amounts of atrazine, simazine and hexazinone were analysed using the direct injection method at a wavelength (λ) of 230 nm. The position of the DOC peak did not interfere with those of atrazine, simazine and hexazinone in any of the samples analysed (p<0.05 at 95% confidence interval). Statistical analysis of the recovery and relative standard deviation for all natural water samples showed strong correlation between spiked and measured concentrations (Table 5) .
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Deleted: The natural waters spiked with increasing amounts of atrazine, simazine and hexazinone were analysed using the direct injection method at a wavelength (λ) of 230 nm. The position of the DOC peak did not interfere with those of atrazine, simazine and hexazinone in any of the samples analysed (p<0.05 at 95% confidence interval). Statistical analysis of the recovery and relative standard deviation for all natural water samples showed strong correlation between spiked and measured concentrations (Table 4 ). ¶ Samples directly injected into the HPLC without pre-treatment showed a distinct DOC peak within the first 0.7 min compared with standards as shown in the example chromatogram using 244 nm presented in Figure 3 . The presence of DOC was confirmed by 3D EEM fluorescence spectroscopy as shown in Figure 4 , where distinct humic and fulvic acid fluorophores were observed at 237-260/400-500 and 300-370/400-500 (excitation/emission wavelength) for all of the samples included in this study [23] . 
Method validation
Two blind comparison studies were conducted to evaluate the performance of the described multi-analyte (single wavelength; λ= 230 nm) monolithic HPLC method utilising the natural water samples from drinking water catchment waters spiked with all three pesticides. Sample #s 7 and 8 in Table 4 were spiked at SGS and presented to Table 6 . The first set of spiked samples provided by SGS was analysed by direct injection HPLC after filtration. Apart from a significant difference in analysis time i.e., 12 minutes per sample by LC-MS/MS compared with <2 minutes by direct injection HPLC, good correlation between the spiked and measured concentrations was observed as shown in Figure 5 ; all of the samples were within 90% confidence intervals for all three analytes. provided by SGS (Victoria, Australia).
When using the direct injection method the concentrations of the second set of samples were below the LOD and MDL limits presented in Table 3 . Therefore, prior to analysis, pre-concentration (by a factor of 25) of the samples was performed by solid phase extraction. The HPLC instrumentation used was not altered for the analysis of SPE extracts, i.e., the 500 µL injection loop and volume was utilised.
Natural samples pre-concentrated with SPE still showed the presence of DOC within sample extracts, however a 80% reduction in the DOC peak was observed. Although SPE should eliminate the majority of DOC in extracted samples, there is a possibility that during pre-concentration some DOC is retained on and later eluted from the SPE cartridge. This finding is similar to that by Simpson [24] , who found that a fraction of DOC can be retained and eluted from the SPE cartridge when performing sample extractions with a sample matrix containing DOC. The degree of retention is Deleted: 1
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Formatted: Right: 18 pt dependent upon a combination of the SPE material, the sample matrix and chemical characteristics of the DOC, and is relatively independent of concentration.
Linear regression was performed on the results obtained from the two systems. The regression between HPLC and LC-MS/MS systems showed a strong relationship between the instruments for all three herbicides as shown in Table 7 . This suggests that the HPLC method compared well against the NATA accredited method and has the sensitivity required for triazine and triazinone detection. The reduced recovery observed for hexazinone is probably due to losses during extraction. 
Interferences
The interference of 'like' compounds, in terms of peak resolution and retention time, was investigated utilising known atrazine metabolites, as well as other known triazine pesticide standards. Figure 6 illustrates the co-elution of peaks between simazine and the metabolite 2-hydroxyatrazine ( Figure 6 (i)); this was observed for both the monolithic and packed columns. The other triazines analysed did not co-elute under the described conditions. 
Conclusion
The analytical performance of two HPLC columns (a conventional packed column and monolithic column) with UV-vis detection at multiple wavelengths were established and compared. It was observed that both columns were able to separate the tested analytes well with sufficient resolution and peak asymmetry, but they differed significantly in analysis time and operating pressure. It was found that the monolithic column was superior in terms of reduced analyte retention times and lower operating backpressure, while limits of detection were slightly better using the packed column. The variation in detector wavelength from 220, 230 and 244 nm was also investigated; it was found that 230 nm was the ideal wavelength for concurrent detection of all three target analytes.
Atrazine, simazine and hexazinone in MilliQ water were concurrently detected in under 3 minutes per sample using large volume direct injection HPLC with limits of detection of 5.7, 4.7 and 4.0 μg L -1 , respectively, without pre-concentration (validated using LC-MS). The advantage of the described system over more traditional methods and methods described within the literature are two fold: firstly, large volume direct injection of the sample coupled with the monolithic column enables the time for analysis of each sample to be significantly reduced (eliminating the need and time for SPE, along with subsequent affect of limiting operating pressures and flow rates associated with packed columns); secondly, the use of a low cost detector (in relation to more sophisticated detectors; i.e., MS) using a single wavelength enables the cost of the total analysis to be lower, enabling more samples to be analysed. Triazine and triazinone herbicides represent widely used selective pesticides characterized by three heterocyclic nitrogen atoms in ring structures. They are generally used to control broadleaf and grassy weeds in agricultural areas, plantations, and in public and industrial landscapes [3] . The most commonly used s-triazines are atrazine, simazine, cyanazine, prometon and propazine; metribuzin and hexazinone are commonly used triazinone pesticides.
These pesticides are relatively stable in water, extremely persistent and have been detected in ground and surface waters in Australia, the UK and the US with residual levels exceeding the World Health Organization guidelines [4] [5] [6] [7] .
Continued application of these herbicides within Australia has prompted community concern as expressed in national newspaper reports by Dayton and Denholm [8] who reported an increase in observed health effects arising from pesticide over-spraying in surrounding communities in Tasmania, Australia. Denholm [9] , noted simazine in Australian swimming pools at levels above the Australian allowable daily intake limit of 20 µg L -1 [10] . Similarly, Cornish [11] reported runoff of an estimated 1.5 tonnes of atrazine from farmland into surrounding oceans near the Great Barrier Reef by floodwaters (after Lewis et al. [12] ).
It is common practice for water utilities to apply a risk approach to pesticide residue monitoring in drinking water catchments, where pesticides are identified and the risk of contamination is calculated (i.e., solubility and mobility of pesticide being applied in conjunction with the proximity and rate of application) [13] . This information is used to inform the water utility's monitoring programme. Current Australian drinking water guidelines do not enforce a sampling program frequency (although it is recommended to sample for pesticide residues monthly), nor do they specify which pesticides are to be monitored, as no single method of analysis is suitable for all the organic compounds that may be present in water. Each compound, or perhaps group of compounds, has specific analytical requirements, so monitoring for all of them would be extremely costly, time consuming, and probably unjustified [10] . To highlight the deficiencies in current monitoring programs, Benotti et al. investigated pharmaceutical and endocrine disrupting compounds (including atrazine) in USA drinking water [14] . Their study concluded that the level of tertiary treatment currently applied by 19 water utilities resulted in atrazine and other potentially harmful chemicals passing through to finished drinking water, and in some instances at concentrations as high as 0.9 µg L -1
(note current US EPA drinking water guidelines for atrazine are set at 3 µg L -1
